The meconium aspiration syndrome is an important cause of respiratory distress in newborn infants. Alveolar macrophages (AMs) provide a first line of defense in the lower respiratory tract against inhaled pathogens and particles such as meconium. In this study, we examined the effect of meconium on two primary macrophage functions: phagocytosis and respiratory burst. Shortterm exposure of rat NR8383 AMs to sterile meconium from human or equine neonates (1.2-24 mg/mL) produced a dosedependent decrease in phagocytosis of fluorescent latex beads. This effect was not due to decreased cell viability or to an elevation of intracellular cAMP. The effect of short-term exposure to meconium on the respiratory burst response in AMs was quantified using flow cytometry to measure oxidation of dichlorofluorescin diacetate. A robust respiratory burst was triggered when AMs were exposed to 12 or 24 mg/mL meconium. This effect was attenuated but not eliminated by filtration of the meconium. However, subsequent to meconium exposure, AMs had a reduced respiratory burst in response to stimulation with phorbol myristate acetate. In addition, AMs that were exposed to meconium for an extended period (24 h Meconium aspiration syndrome (MAS) is an important cause of respiratory distress in newborn infants (1). Approximately 12-15% of human infants are born through meconiumcontaminated amniotic fluid (2), and these infants are much more likely to develop respiratory distress and require respiratory support (3). When meconium is present in the amniotic fluid,~5% of neonates will develop MAS, and~5% or more of these infants will die (2).
Meconium aspiration syndrome (MAS) is an important cause of respiratory distress in newborn infants (1) . Approximately 12-15% of human infants are born through meconiumcontaminated amniotic fluid (2) , and these infants are much more likely to develop respiratory distress and require respiratory support (3) . When meconium is present in the amniotic fluid,~5% of neonates will develop MAS, and~5% or more of these infants will die (2) .
The pathophysiology of MAS is complex and involves airway obstruction, surfactant dysfunction, and pulmonary inflammation (4) . Alveolar macrophages (AMs) are important in defending the alveolar space against inhaled pathogens and particles. Because the phagocytic activity of AMs is a crucial component of host defense, it is important to know the effect of meconium on phagocytosis. Meconium has been shown to decrease phagocytosis by neutrophils in vitro (5) , so it is reasonable to postulate that AM phagocytic activity may also be adversely affected.
Once phagocytosis has occurred, macrophages undergo an oxidative metabolic process called respiratory burst, generating reactive oxygen species (ROS) with activity against a wide range of invading organisms. Although production of antimicrobial molecules is essential in host defense, excessive ROS production can also cause injury to surrounding tissue (6, 7) . For example, ROS generated through respiratory burst activity plays a role in inducing pulmonary injury in diseases such as acute respiratory distress syndrome (8) and may also contribute to the pathophysiology of MAS. The purpose of this study was to investigate the effect of meconium on the phagocytic activity and respiratory burst response of AMs. ments. Although considerable differences are seen in phagocytic and respiratory burst activity of AMs depending on the cell source and experimental conditions (10 -12) , the NR8383 AM line has been shown to be a good model for various AM functions and to produce levels of activity similar to that of freshly derived rat AMs (10, 13) . NR8383 cells were cultured in Ham's F12 nutrient mixture with glutamine, supplemented with 15% heat-inactivated FCS, 100 U/mL penicillin, and 100 g/mL streptomycin (Sigma Chemical Co.-Aldrich, St. Louis, MO). Cultures were maintained at 37°C in a humidified, 5% CO 2 atmosphere.
Meconium. Human meconium samples were collected from soiled diapers of five healthy, full-term newborns within 8 h of delivery. Collection of these samples was approved by the Research Ethics Board (IWK Grace Health Centre, Halifax, NS, Canada), and informed consent was obtained from parents. The samples were cultured (Diagnostic Services, Atlantic Veterinary College, Charlottetown, PEI, Canada) to determine sterility, then pooled and diluted with supplemented Ham's medium to make a 20% solution. Aliquots were frozen at Ϫ70°C. After desiccation, the dry matter of the 20% meconium was determined to be 47.5 mg/mL.
Equine meconium was collected aseptically from the distal colon of a newborn foal submitted for necropsy at the Atlantic Veterinary College. A portion of equine meconium was cultured and examined microscopically to confirm absence of bacterial growth. The equine meconium was lyophilized for storage at Ϫ70°C, then solubilized in complete Ham's medium at a concentration of 50 mg/mL. For some experiments, filtered meconium was obtained by centrifuging the meconium at 360 ϫ g for 10 min to remove large suspended particles and then by passing the supernatant through a 0.2-m filter.
Phagocytic assay. Phagocytic activity of AMs that were incubated with meconium was assessed and compared with control macrophages by quantifying the uptake of fluorescent latex beads using flow cytometry (14, 15) . For these assays, NR8383 cells were suspended in Ham's medium at a concentration of 2 ϫ 10 6 cells/mL, and 500-L aliquots were placed in 5-mL roundbottom polystyrene tubes along with the desired concentrations of meconium in a 500-L volume. Controls consisted of macrophages plus medium. As an additional control, some cells were incubated with nonfluorescent latex particles (average diameter 1 m; Sigma-Aldrich Chemical Co.) instead of meconium, at a ratio of 1 ϫ 10 6 particles per cell, which approximated the OD of meconium at 24 mg/mL (OD 600 3 Ϯ 1). Fifteen minutes after the addition of meconium, carboxylated fluorescent latex beads (Sigma-Aldrich Chemical Co.) with an average diameter of 2 m were added at a ratio of 50 beads/cell to half of the tubes. The beads were thoroughly vortexed before use, and flow cytometer analysis showed that Ͻ7% of beads existed as doublets or larger aggregates. An equal volume (10 L) of sterile PBS was added to the remaining tubes. The tubes then were capped, vortexed briefly, placed in an opaque container to protect them from light, and incubated for 90 min in a shaking incubator at 37°C. After incubation, 2 mL of ice-cold PBS was added to stop phagocytosis. The cells were centrifuged at 360 ϫ g for 5 min, washed with 1 mL of PBS, and centrifuged again. The pellet was resuspended in 400 L of PBS, and the cells were kept on ice for a maximum of 1 h before flow cytometric analysis.
Respiratory burst assay. Respiratory burst activity of meconium-exposed AMs was assessed and compared with control macrophages using flow cytometry as previously described (16) . For these assays, NR8383 cells were suspended in Ham's complete medium at a concentration of 2 ϫ 10 6 cells/mL. Aliquots of 500 L were placed in 5-mL round-bottom polystyrene tubes. NR8383 cells were loaded with dichlorofluorescin diacetate (DCFH-DA) by incubation with 20 M of DCFH-DA for 20 min at 37°C in the dark on a shaker platform. In the presence of ROS, DCFH-DA is oxidized to dichlorofluorescein (DCF), which can be detected by flow cytometry and provides a quantitative assessment of the respiratory burst in individual cells.
After loading with DCFH-DA, various concentrations of meconium were added to experimental samples, and the cells were incubated further for 1 h. Control samples contained macrophages plus additional medium or were stimulated with phorbol myristate acetate (PMA; 100 ng/mL) before the final incubation. As an additional control, some cells were incubated with latex particles instead of meconium, as described above. After incubation, ice-cold PBS was added to stop the reaction, and the cells were washed twice and resuspended in 400 L of cold PBS for analysis by flow cytometry, which was performed within 30 min.
For investigating the duration of the effect of meconium on AMs, some macrophages were incubated with meconium or latex particles for 2 h, then washed and incubated in supplemented Ham's medium overnight. After 24 h, DCFH-DA was loaded as described above. In half of the samples, cells were stimulated with 100 ng/mL PMA before flow cytometric analysis.
Flow cytometry. The fluorescent intensity of 10,000 cells from each sample was measured using a Becton Dickinson FACSCalibur flow cytometer, equipped with an argon ion laser operating at 350 mW, 488 nm. Data were acquired in list mode using CellQuest software (Becton Dickinson, San Jose, CA) and analyzed for red and green fluorescence using FCS Express software (De Novo Software). Electronic gating based on forward-and side-scatter distribution profiles was used to eliminate meconium debris and free latex beads from analysis. As an additional control, some of the meconium was passed through a 5.0-m filter to remove any aggregates of meconium that could be confused with cells during flow cytometry. For the phagocytosis experiments, propidium iodide (PI; 3 L; Sigma-Aldrich Chemical Co.) was added to each tube just before analysis. Electronic gating was used to eliminate from analysis the nonviable cells that had taken up PI and consequently had elevated red fluorescence. Fluorescence data were collected on log scale. Green fluorescence from the FITC-labeled beads was measured at 530 Ϯ 30 nm, and red fluorescence from the PI was measured at 585 Ϯ 42 nm. Electronic compensation was used to minimize spectral overlap between the two fluorochromes.
The addition of meconium to experimental solutions caused a directly proportional increase in fluorescent intensity, even when no fluorescent beads or DCFH-DA was added. This meant that the fluorescence as a result of phagocytosis or respiratory burst could not be compared directly between control and meconium-exposed cells. This problem was overcome by including, for each concentration of meconium used, a control sample of cells that were incubated with meconium but not exposed to fluorescent beads or DCFH-DA. These control samples provided a value for background fluorescence. Measurement of phagocytosis and respiratory burst included assessment of two parameters: the percentage of positive cells and the net median fluorescent intensity (MFI) of the sample population. The percentage of positive cells was determined by comparison of the fluorescent profile of cells that were exposed to either latex beads or DCFH-DA to the background fluorescence of cells not thus exposed, using Overton histogram subtraction (17) . The cells with a fluorescent intensity greater than background were considered positive, meaning that they were actively phagocytic and associated with one or more fluorescent beads or, in the case of the respiratory burst assays, that respiratory burst had occurred. The net MFI was calculated by subtracting the background MFI from the MFI of the sample population after exposure to latex beads or DCFH-DA. For the phagocytosis assays, the fluorescent intensity of each cell is directly proportional to the number of internalized and bound fluorescent beads (15); therefore, the net MFI is directly related to the average number of beads associated with each cell. For the respiratory burst assays, the fluorescent intensity of each cell is directly proportional to the amount of DCFH-DA oxidized and therefore directly related to the magnitude of the respiratory burst response. For the experiments in which AMs were incubated overnight after exposure to meconium, the net MFI was calculated by subtracting the MFI of unstimulated cells from that of cells that were stimulated with PMA.
cAMP ELISA. Intracellular cAMP levels in meconium-treated AMs were measured using an ELISA kit (Amersham Pharmacia Biotech Inc., Piscataway, NJ). NR8383 cells (1 ϫ 10 6 cells/mL) were incubated for 2 h with various concentrations of equine meconium or filtered equine meconium and washed, and cell lysates were obtained for analysis by competitive binding assay performed according to the manufacturer's instructions. A standard curve was generated using serial dilutions of a known concentration of cAMP provided in the kit. The concentration of cAMP in fmol/well was determined for the experimental samples by comparison with this standard curve. The assays were performed in quadruplicate for all unknowns, and results are presented as means Ϯ SD.
Cell membrane integrity assay. NR8383 AMs were incubated at 2 ϫ 10 6 cells/mL in Ham's medium with various concentrations of meconium at 37°C for either 6 h in total or 2 h followed by washing and 24 h of incubation without meconium. The membrane integrity of NR8383 cells after exposure to meconium was assessed by trypan blue exclusion. JAM assay. DNA fragmentation, which is indicative of apoptosis (18), was measured using a JAM assay as previously described (19) . Briefly, NR8383 cells were incubated for 4 h with 5 Ci/mL [ 3 H]thymidine at 37°C in a humidified atmosphere that contained 5% CO 2 , then washed three times. Cells were resuspended in Ham's medium, incubated for 2 h with or without various concentrations of meconium or latex particles, then washed three times and incubated for 24 h in 96-well culture plates with 50,000 cells/well in a total volume of 200 L. For some experiments, NR8383 cells were incubated directly in the culture plates for 24 h with or without various concentrations of meconium or latex particles. Parallel cultures were incubated with 10 mM of the antioxidant N-acetyl-L-cysteine (NAC). DNA was harvested onto glass fiber filter mats, and radioactivity was measured by liquid scintillation counting. Percentage of DNA fragmentation was calculated as [(C cpm Ϫ E cpm )/ (C cpm )] ϫ 100, where C cpm and E cpm were the retained DNA in the control and experimental conditions, respectively.
Data analysis. Statistical analysis was performed using InStat2 software (GraphPad Software Inc., San Diego, CA). Results are reported as means Ϯ
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SEM unless otherwise stated. Student's t test or one-way ANOVA followed by Dunnett's multiple comparison test were used to compare control values with various concentrations of meconium. Differences were considered significant at p Ͻ 0.05.
RESULTS
Meconium inhibited the phagocytic activity of NR8383 AMs in a dose-dependent manner. Exposure to human meconium at a concentration of 24 mg/mL caused a 41% decrease (p Ͻ 0.05) in the net MFI of AM phagocytosing latex beads (Fig. 1A) , suggesting an inhibitory effect on the phagocytic ability of individual cells. There was also a dose-dependent decrease in the percentage of AMs that actively phagocytosed latex beads, which was significant at meconium concentrations of 5 mg/mL (p Ͻ 0.05) and 24 mg/mL (p Ͻ 0.01; Fig. 1B) . A mean of 90% of the control cells were actively phagocytic, whereas only 44% of the cells that were exposed to the highest meconium concentration phagocytosed one or more fluorescent beads, representing a 51% reduction in phagocytic activity. Exposure to equine meconium (25 mg/mL) had a similar inhibitory effect (70% reduction) on the phagocytic activity of AMs (data not shown). In contrast, AMs that were incubated with latex particles did not show decreased phagocytosis of fluorescent latex beads. Rather, the phagocytic activity of AMs that were incubated with latex particles was increased by 14% (p Ͻ 0.05) compared with that of control cells (data not shown), suggesting that phagocytic receptors had been up-regulated.
Exposure of AMs to human meconium stimulated a dosedependent increase in respiratory burst activity, as measured by DCFH-DA conversion to DCF. Figure 2A shows that human meconium at a concentration of 24 mg/mL produced a net MFI that was Ͼ70-fold greater than that of control cells (p Ͻ 0.01). In contrast, PMA, a commonly used stimulant of respiratory burst, produced a net MFI that was only 4-fold greater than control. The percentage of AMs that produced an oxidative response was also significantly increased by human meconium (Fig. 2B ). In comparison with control cells, 62% of which produced a respiratory burst, 86% of AMs that were incubated with 24 mg/mL meconium exhibited respiratory burst (p Ͻ 0.01). In contrast, incubation of AMs with inert latex particles did not trigger a significant respiratory burst (data not shown). To confirm that these results were not unique to human meconium, we repeated the experiment with similar results using equine meconium. The net MFI for AMs that were exposed to 25 mg/mL equine meconium was 181, whereas that of control cells was 13 (p Ͻ 0.01). The percentage of responding AMs increased from 70% in controls to 86% in cultures that were stimulated with 25 mg/mL equine meconium (p Ͻ 0.01).
To determine whether the stimulatory effect of meconium on respiratory burst was associated with phagocytosis of the particulate component of the meconium, we repeated the experiments using human meconium that had been passed through a 0.2-m filter. Even after filtration, meconium (24 mg/mL) caused an 18-fold increase (p Ͻ 0.01) in net MFI (Fig. 2C) , indicating an increase in respiratory burst. In addition, the percentage of AMs that showed a respiratory burst response was significantly increased at both the 12-and 24-mg/mL meconium concentration levels (Fig. 2D) .
To investigate whether the respiratory burst response would persist after meconium stimulation, we exposed macrophages to human meconium for 2 h, then washed and incubated them overnight. The next day, AMs were loaded with DCFH-DA and stimulated with PMA. After overnight incubation, AMs that were exposed to meconium showed virtually no respiratory burst in response to PMA stimulation (Fig. 3A) . The percentage of AMs that showed a respiratory burst response was also dramatically decreased (Fig. 3B) , from 96% in the control cells to 35 and 24% in the cells that were exposed to 10 or 24 mg/mL meconium, respectively (p Ͻ 0.01). Although respiratory burst was also decreased 24 h after incubation with latex particles, the effect was comparatively modest (89% in the control cells versus 60% in the particle-incubated cells). 
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cAMP has previously been shown to down-regulate the phagocytic function of macrophages (20) . However, the intracellular production of cAMP within AMs was not significantly altered by culture in the presence of equine meconium (39 Ϯ 23 fmol/well for control AMs versus 33 Ϯ 12 fmol/well for AMs that were incubated with 25 mg/mL meconium), suggesting that the inhibitory effect of meconium was not mediated by cAMP. Furthermore, the trypan blue dye exclusion test and the JAM assay did not show any change in cell membrane integrity or increase in DNA fragmentation when AMs were cultured for 2 h in the presence of 24 mg/mL human or equine meconium, then washed and incubated 24 h in medium (data not shown). However, AMs that were cultured for 24 h in the presence of meconium showed a dose-related increase in DNA fragmentation, suggesting induction of apoptosis (Fig. 4) . The apoptotic response was unique to meconium because latex particles did not have a similar effect. The addition of the antioxidant NAC to the meconium-containing culture medium reduced the amount of DNA fragmentation in AMs, suggesting that meconium-induced apoptosis was a consequence of ROS production by AMs.
DISCUSSION
AMs play a crucial role in clearing inhaled particles and protecting the host against inhaled pathogens. Although the primary function of AMs is usually considered to be phagocytosis, AMs also play an essential role in the generation and orchestration of immune responses in the lung, through production of numerous pro-and anti-inflammatory molecules (7) . The response of AMs to inhaled particles is variable and can range from simple ingestion and clearance to release of abundant inflammatory mediators (21) (22) (23) . A marked inflammatory response is characteristic of MAS, and elevated levels of inflammatory mediators such as nitric oxide and thromboxane A2 have been identified in association with MAS (24, 25) . Oxidative injury resulting from AM stimulation is a component of the pathophysiology of several respiratory diseases (6,7) and may also be important in MAS. Exposure of AMs to various types of particulates, including bacteria such as Staphylococcus aureus (26) and Pneumocystis carinii (27) , and other particles, including zymosan (28), asbestos fibers (29) , and various environmental air pollution particles (30) , have been shown to stimulate a respiratory burst response and production of ROS. However, the magnitude and the duration of the oxidative response after ingestion of particles is variable and may in part depend on the specific receptors that are ligated. Some particles, particularly Fc-opsonized particles, consistently trigger a strong oxidative response (21) . However, particles that are phagocytosed via other receptors may not always trigger respiratory burst (31, 32) .
We have shown here that meconium decreased the phagocytic activity of AMs in a dose-dependent manner. This effect was not merely due to saturation, because incubation with a comparable concentration of latex particles did not decrease the phagocytic activity of AMs. Exposure of AMs to meconium also triggered a robust respiratory burst, whereas exposure to latex particles did not. Previous studies have examined the effect of meconium on phagocyte oxidative burst with contradictory results. In human neutrophils, Clark and Duff (5) reported a decrease in respiratory burst after meconium exposure, whereas Soukka et al. (33) reported that meconium stimulates oxidative burst in neutrophils. Kojima et al. (34) reported that meconium failed to stimulate a spontaneous respiratory burst in rabbit bronchoalveolar lavage macrophages, although an enhanced response to subsequent PMA stimulation was measured. In our hands, both human and equine meconium stimulated spontaneous respiratory burst in AMs. Discrepancies between our findings and those of other investigators could be due to the use of different cell types, differences in the activation state of the cells, and/or the relative sensitivity of flow cytometry versus chemilumines- cence for the evaluation of respiratory burst response. In addition, the concentration of meconium used by Clark and Duff (0.5 and 1 mg/mL) was considerably less than that used in the present study, which might account for their failure to observe a stimulation of respiratory burst in response to meconium (5) .
Filtration to remove particles Ͼ0.2 m in diameter attenuated but did not eliminate the stimulatory effect of meconium on the respiratory burst response of AMs. This suggests that either soluble factors or ultrafine particles that remained in the meconium samples contributed to the inhibitory effect. Recently, there has been considerable interest in the effect of ultrafine particles (Ͻ0.1 m) on AM function (35) (36) (37) (38) . Pulmonary injury from inhalation of ultrafine particles in polluted urban air is thought to be related to oxidative stress (36) , and some studies have shown that these particles can induce inflammation and ROS production by AMs (39) . However, other investigators have found no increase in respiratory burst activity in macrophages after exposure to ultrafine particles (40) . Because meconium is a complex substance, it will be important in future studies to separate and analyze the various components of meconium to elucidate the factors that are responsible for stimulating respiratory burst.
After the initial oxidative response, AMs that were exposed to meconium exhibited a significantly reduced respiratory burst response to subsequent stimulation with PMA. Unlike neutrophils, monocytes produce a constitutive respiratory burst response that can be enhanced further by phagocytosis (41) . The AMs used in our experiments also exhibited a robust constitutive respiratory burst that was only slightly increased upon stimulation with PMA. It is interesting that short-term treatment of AMs with meconium decreased spontaneous respiratory burst measured after 24h, and also resulted in the failure of these AMs to respond to subsequent PMA stimulation. Elevation of cellular cAMP levels and subsequent activation of protein kinase A is a known inhibitory pathway for various macrophage functions, including phagocytosis and respiratory burst (20, 42) . However, we did not find a significant increase in intracellular cAMP levels in AMs after incubation with meconium. An alternative explanation for the meconiuminduced inhibition of AM function is that ROS that are produced in response to meconium lead to the induction of apoptosis. AM membrane integrity, as determined by trypan blue exclusion, was not adversely affected by the presence of meconium. Furthermore, no increase in DNA fragmentation was seen in AMs 24 h after a 2-h exposure to meconium, indicating that short-term exposure to meconium was not sufficient to trigger apoptosis. However, after 24 h of culture in the presence of 24 mg/mL meconium, AMs showed a 70% increase in DNA fragmentation, which is indicative of apoptosis. The apoptotic effect on AMs was specific to meconium because exposure to latex particles for the same period did not cause apoptosis. Moreover, the antioxidant NAC was able to protect AMs from meconium-induced apoptosis, particularly at lower concentrations of meconium. This finding is consistent with the observation that phagocytosis of diesel exhaust particles induces apoptosis in primary AMs and macrophage cell lines through a ROS-dependent mechanism (43) . Macrophages are normally protected from the damaging effects of their own respiratory burst activity (43) , but excessive production of ROS can overwhelm antioxidant defenses and also damage neighboring cells when ROS are liberated into the environment (44) . Whereas exposure to high levels of ROS can induce apoptosis, exposure to lower levels of ROS may be sufficient to induce sublethal oxidative stress. For example, in T cells, a low level of oxidative stress induces a state of unresponsiveness that is not associated with apoptosis (45) . It therefore is possible that short-term (2 h) exposure of AMs to meconium caused sufficient oxidative stress to inhibit the respiratory burst response, even though ROS levels did not reach the apoptosisinducing threshold.
The findings reported in this study suggest that oxidative injury may be an important contributor to the pathophysiology of MAS, because the initial response of AMs to meconium exposure is phagocytosis of meconium particles and a robust respiratory burst response. Depending on the duration of exposure and the amount of meconium aspirated, the ROS that are generated through this respiratory burst response likely induce oxidative damage to surrounding tissue and contribute directly to the pathophysiology of MAS. Meconium-exposed AMs may also undergo oxidative stress and apoptosis, leading to an overall reduction in phagocytic activity and respiratory burst response. However, this effect is likely to be less significant than the initial oxidative response because there is a continuous turnover of AMs in the lung (46) . Nevertheless, meconium-induced inhibition of phagocytic activity and respiratory burst response by AMs may render infants with MAS more susceptible to pulmonary infections and further lung damage, because AMs are crucial in defending against inhaled pathogens and particles that can damage more sensitive pulmonary cells.
